The study aimed to evaluate the sensitivity (SN) and specificity (SP) of body mass index (BMI) and skinfold thicknesses in detecting excess adiposity in children.
Introduction
Body mass index (BMI) has been proposed as an adiposity index in children because of its association with fat mass (FM) Bellizzi 1999, Maynard et al. 2001 ) and the possibility of using it to track adult BMI (Guo and Chumlea 1999) . Another association that is being investigated is that between BMI and childhood metabolic disease Dietz 1999, Iughetti et al. 2000) . As the association of BMI with FM is concerned, the traditional approach involves the use of regression models with FM as the dependent variable and BMI as the predictor variable (Pietrobelli et al. 1998 , Bedogni et al. 2001 . Another approach, which is more suitable for screening purposes, is based on the calculation of sensitivity (SN) and specificity (SP) of BMI in detecting excess adiposity (Lazarus et al. 1996) . When applied to children, adolescents and young adults, BMI has generally a low SN and a high SP in detecting excess adiposity (Marshall et al. 1991 , Lazarus et al. 1996 , Warner et al. 1997 , Reilly et al. 1999 , Sardinha et al. 1999 , Reilly et al. 2000 , Sarria et al. 2001 . The estimates of SN, however, are highly variable and there is some evidence that skinfolds may be more sensitive than BMI in detecting excess adiposity (Marshall et al. 1991 , Sardinha et al. 1999 , Sarria et al. 2001 . This is to be expected because skinfolds are more directly associated than BMI with subcutaneous fat (Norgan 1991) .
The available studies have employed different definitions of excess adiposity and study samples of different size and composition. As the technique employed to measure (or estimate) FM is concerned, this has been dual-energy X-ray absorptiometry (DXA) (Lazarus et al. 1996 , Sardinha et al. 1999 , body densitometry (Marshall et al. 1991 , Sarria et al. 2001 and bioelectrical impedance analysis (Reilly et al. 1999) . As discussed in detail by Lazarus et al. (1996) , the variable of interest in this kind of studies is not the absolute value of FM but its ranking. Provided that the employed technique is able to produce an accurate ordering of FM%, the receiver-operator characteristic (ROC) curves obtained in different samples should be similar (Lazarus et al. 1996) . However, even using a precise technique such as DXA, Lazarus et al. (1996) found wide 95% confidence intervals (95% CI) associated with the screening of excess adiposity from BMI and suggested that a larger number of children (%900 vs 230) were needed to produce an estimate of variability narrow enough for epidemiological applications. They also noticed that reference body composition techniques cannot be employed with large numbers of children because of formidable logistic challenges (Lazarus et al. 1996) . In these conditions, indirect body composition techniques may be helpful, provided that population-specific equations are used and calibration has been performed against an accepted method (Guo et al. 1996) . Bioelectrical impedance analysis (BIA) has a great potential for the assessment of body composition during epidemiological studies because it is non-invasive, rapid and portable (Deurenberg 1994) .
Aiming at comparing the SN and SP of BMI and skinfolds in detecting excess adiposity in a large sample (>900) of children, we developed a population-specific algorithm for predicting DXA-measured fat-free mass (FFM) from BIA and obtained FM by subtracting FFM from weight (Wt).
Materials and methods

Study design
The study was performed in 986 apparently healthy children (500 females and 486 males) aged 8-12 years. They represented a convenience sample enrolled in primary and secondary schools of Modena and Parma (Italy) . A subsample of 52 children underwent DXA at Parma University to develop a BIA population-specific algorithm for predicting FFM, with the informed consent of parents and under the approval of the local Ethical Committee. Informed consent to perform anthropometry and BIA was obtained from the parents of all children. Sample size was determined following the suggestion of Lazarus et al. (1996) that about 900 children were needed to produce an estimate of variability narrow enough for epidemiological applications. After the study of Reilly et al. (2000) , which was however performed only in 7-year-old children (n ¼ 4172), this is the largest study of this kind performed on children.
Anthropometry
Wt, height (Ht) and skinfolds (triceps, biceps, subscapular and suprailiac) were measured following the Anthropometric Standardization Reference Manual (Lohman, Roche and Martorell 1988) . Body mass index was calculated as Wt (kg)/Ht (m) 2 . The four measured skinfolds were summed to obtain a composite measure of subcutaneous fat (4SF) (Fiori et al. 2000) .
BIA
Whole-body impedance (Z) was measured at a frequency of 50 kHz by using a four-polar impedance plethysmograph (Human-IM, Dietosystem, Milan, Italy) following standard procedures and after an overnight fasting (Deurenberg 1994) . The impedance index (ZI), i.e. the Ht (cm) 2 /Z () ratio, was employed as the predictor variable in the BIA algorithm (Bedogni et al. 1997) . The reproducibility of measurements with this instrument, as determined by within-day test-retesting by us, is between 1 and 3 . As the generation of the BIA algorithm is concerned, we calculated that a sample of 50 subjects has a power of 100% to detect a slope of 0.70 at an alpha level of 0.0001 under the assumption of a SD of 8 cm 2 / for ZI and a SD of 5 kg for FFM. The accuracy of the BIA algorithm was evaluated using the adjusted determination coefficient (R 2 adj ) and the total and percent root mean square error (RMSE) (Guo et al. 1996) .
DXA
DXA is increasingly used in children because it is more rapid and precise than other body composition methods (Goran et al. 1996 , Lazarus et al. 1996 , Pietrobelli et al. 1998 , Sardinha et al. 1999 . By measuring the differential attenuation of X-rays at two different energies, DXA allows the separation of body mass into FM, lean tissue mass (LTM) and bone mineral content (BMC). The sum of LTM and BMC gives FFM, which was the variable of interest in this study. DXA measurements were performed using a Lunar DPX-L densitometer (Lunar Corporation, Madison, WI, USA; paediatric software version 1.5). The precision of LTM and BMC measurements, as determined by 3 repeated measurements on two of the children, was 4 2.0 and 4 1.0%, respectively.
Statistical analysis
4SF was the only variable of interest that did not follow the normal distribution. Because log-transformation of 4SF obtained a normal distribution, the log-transformed value (lt-4SF) was used for analyses. Between-sex comparisons were performed by unpaired t-tests. FFM estimated from BIA was subtracted from Wt to obtain FM. Because age explained only a minimal portion of FM:Wt, BMI and lt-4SF variance (R 2 adj 4 0:05, p < 0:01 for all), we did not correct FM:Wt for age. Values of FM:Wt were transformed in Z-scores and converted into 19 percentile categories (from 5 to 95 in steps of 5) (Lazarus et al. 1996) . The same procedure was performed with BMI and lt-4SF. Excess adiposity was defined as a value of FM:Wt corrected for age greater than the internally derived 85th percentile (Lazarus et al. 1996 , Sarria et al. 2001 . SN and SP of each percentile of BMI and lt-4SF in detecting excess adiposity were calculated (Newmann et al. 2001) . 95% CI for SN and SP were calculated using Wilson's method (Newcombe and Altman 2000) . ROC curves were obtained by plotting SN versus (1 7 SP) (Newmann et al. 2001) . Statistical significance was set to a value of p < 0:05 for all tests. Statistical analysis was performed using Statview 5.0.1 (SAS Institute, Cary, NC, USA) and SPSS 10 (SPPS Inc., Chicago, IL, USA) on a MacOS computer.
Results
An algorithm for the prediction of FFM from BIA was developed in 52 of the 968 study children:
ZI explained 95% of FFM variance (R 2 adj ¼ 0:95 ) and the RMSE was 1.5 kg (6%). Regression residuals were normally distributed (0:0 AE 1:4, mean AE SD) and uncorrelated with age, Wt, Ht, BMI and lt-4SF (p ¼ NS for all). No interaction was found between ZI and sex (ZI Â sex, p ¼ NS), showing that the generated algorithm could be employed independently of sex.
The measurements of the 934 study children to whom the BIA algorithm was applied are given in table 1. Age, Wt, Ht and BMI were similar in males and females (p ¼ NS); however, 4SF (p < 0:0001) and Z (p < 0:0001) were higher in females. FM:Wt was higher and FFM lower in females than males (p < 0:0001 for both).
Values of FM:Wt were transformed in Z-scores and classified into 19 percentile categories (from 5 to 95 in steps of 5). The same procedure was performed with BMI and lt-4SF. SN and SP of BMI and lt-4SF in detecting excess adiposity defined as a value of FM:Wt greater than the internally derived 85th percentile, were calculated for each sex. Because the areas under the ROC curves did not differ in males and females neither for BMI nor for lt-4SF (p ¼ ns for both), ROC curves were plotted for the pooled sample (figure 1).
Although 
Discussion
The IOTF Committee has suggested to consider 'overweight' a child with a BMI greater than the 95th percentile for age and 'at risk of overweight' one with a BMI greater than the 85th and lower than the 95th percentile for age . In our children, the 95th percentile of BMI showed a high SP (0.99; 95% CI 11.3 AE 6.0 11.6 AE 5.8 10.9 AE 6.1 FM:Wt (%) 28 AE 9 29 AE 8 27 AE 9* * p < 0:0001 versus females; { geometric mean.
0.98-0.99) but a low SN (0.39; 95% CI 0.32-0.47) in detecting excess adiposity. Even if our SN is higher and less variable than that of Lazarus et al. (1996) However, the general pattern of our ROC curve mirror that observed by Lazarus et al. (1996) , confirming their prediction that similar patterns of SN and SP should be obtained using different samples of children and body composition methods. Even if the AUC under the ROC curves of BMI and lt-4SF were similar, suggesting a similar overall accuracy as the screening of excess adiposity is concerned, lt-4SF had generally a greater SN than the corresponding percentile of BMI. In particular, the use of the 85th percentile of lt-4SF in our children was associated with 10% less false negatives and only 1% more false positives than that of the 85th percentile of BMI. This confirms and extends the observations made in less numerous samples using single skinfolds (Sardinha et al. 1999 , Sarria et al. 2001 or their sum (Marshall et al. 1991) . It should nonetheless be noted that values of lt-4SF higher than the 90th percentile were no longer superior to the corresponding values of BMI, probably because measurements of skinfolds in overweight subjects are increasingly less accurate and reproducible.
The main limitation of this study is that it was not performed in a representative sample of the population. Among the available studies, only that of Reilly et al. (2000) was performed in such a sample. Thus, there is clearly the need for testing the accuracy of BMI and other anthropometric indicators in representative population samples. We chose to use internally derived centiles to set the cut-points of FM%,
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G. Bedogni et al. BMI and lt-4SF, as done by Lazarus et al. (1996) and Sarria et al. (2001) . Moreover, like them, we used a value greater than the internally derived 85th percentile to define excess FM%. Epidemiologically, this seems a reasonable choice but there is no reason why other values should not be employed and there is no doubt that some of the discrepancies in the literature arise from the choice of different cut-points. Use of externally derived centiles may have produced different results. Ideally, reference values of BMI for children should be determined on the basis of their associated risk of disease but this research area is still in its infancy , Iughetti et al. 2000 , Bedogni et al. 2002 . The ideal screening test should be both highly sensitive and highly specific. However, this combination is rarely attained and one has more commonly to weigh the relative importance of SN and SP and set the cut-off value accordingly (Newmann et al. 2001) . Besides the prevalence of the condition being screened, one has to consider the practical implications of her or his choice. According to the majority of available studies on children, adolescents and young adults, BMI at conventional cut-off points is highly specific but has low sensitivity in detecting excess adiposity (Marshall et al. 1991 , Lazarus et al. 1996 , Warner et al. 1997 , Reilly et al. 1999 , Sardinha et al. 1999 , Sarria et al. 2001 . A notable exception is the study of Reilly et al. (2000) , performed however only in 7-year-old children, where the 92nd percentile of BMI showed a SN ¼ 0:92 and a SP ¼ 0:92.
Thus, the available evidence suggests that some children with excess adiposity will be missed by a screening performed with BMI. On the other hand, there is a low risk of being wrongly labelled as overweight. As discussed in detail by Lazarus et al. (1996) , this could presently be accepted because of the lack of good longitudinal data on which to estimate long-term health consequences and in view of the limited options for effective intervention. According to our study, however, the use of the 85th percentile of lt-4SF instead of the 85th percentile of BMI may increase the SN of screening programmes of excess adiposity in children without any relevant loss in SP.
In conclusion, this study of a large number of children of both sexes aged 8-12 years: (1) confirms that BMI at conventional cut-off points has an high SP but a low SN in detecting excess adiposity, and (2) suggests that the use of 4SF may increase the SN of a screening procedure for excess adiposity in children.
